Although substantial progress has been made in understanding of ontogeny of drug metabolism, there is still a gap of knowledge in developmental pharmacogenetics in neonates. We hypothesized that both age and pharmacogenetics might explain the developmental pattern of CYP2C19. We conducted a population pharmacokinetic-pharmacogenetic study to quantify the developmental pharmacogenetics of CYP2C19 in neonates and young infants using omeprazole as a probe drug.
Introduction
Developmental changes in cytochrome P450 (CYP) enzyme expression and activity during childhood make a major contribution to the developmental pharmacokinetics of extensively metabolized drugs [1, 2] . Distinct patterns of isoform-specific ontogeny have been demonstrated antenatally and postnatally, and contribute substantially to the observed differences in therapeutic efficacy and safety in children [1, 3] . Although significant progress has been achieved in understanding of ontogeny of drug metabolism, there is still a gap in knowledge of developmental pharmacogenetics in neonates.
CYP2C19 plays an important role in the oxidative biotransformation of several important groups of drugs, including anticancer, antidepressants, antihypertensive drugs and inhibitor proton pump inhibitors [4, 5] . Ontogeny of CYP2C19 has been demonstrated in vitro. Koukouritaki et al. [6] reported that CYP2C19 catalytic activity was at 12-15% of mature value and similar throughout the fetal period. Its expression did not change at birth, increased over the first 5 months after birth and achieved adult level at age 10 years. In vivo data also demonstrated a relatively lower activity of CYP2C19 in neonates as compared to older infants, children, and adolescents, as reflected by total clearance of pantoprazole [7, 8] .
We hypothesized that both age and pharmacogenetics might explain the developmental pattern of CYP2C19 in neonates. Therefore, we conducted a population pharmacokinetic-pharmacogenetic study to quantify the developmental pharmacogenetics of CYP2C19 in neonates and young infants using omeprazole as a probe drug.
Omeprazole was selected as a probe drug based on the following reasons:
1) It is frequently used to treat neonatal gastroesophageal reflux, a common disease in neonates [9, 10] . 2) CYP2C19 is the predominant enzyme involved in the biotransformation of omeprazole. Following oral administration, omeprazole is rapidly absorbed in the gastrointestinal tract and highly bound to plasma proteins (>95%, mainly albumin). It is completely metabolized into inactive metabolites in the liver, and further excreted in faeces (mainly by biliary excretion) and in urine [11] . Both CYP2C19 and CYP3A4 play important roles in the metabolism of omeprazole. However, the affinity for CYP3A4 is approximately 10 times less than for CYP2C19 [12] .
3) The significant impact of genetic polymorphism of CYP2C19 on omeprazole disposition has been reported in adults. The exposure to omeprazole is about 6-8-fold higher in poor metabolizers (PM) compared with that of extensive metabolizers (EM) [10, 13, 14] .
Methods

Clinical trial
The current investigation is an independent part of an omeprazole dose-finding study in Caucasian infants with gastroesophageal reflux. This study was designed in accordance with legal requirements and the Declaration of Helsinki. The study protocol was approved by the Ethics Committee (Comité de Protection des Personnes, Hôpital Saint Louis, Paris, France) and was registered in the ClinicalTrials.gov registry (No. NCT01657578). Informed consent forms were obtained from patients' parents or guardians.
Omeprazole was administered once daily in the morning. According to the Bayesian approach, five doses of omeprazole were initially selected (1-3 mg kg -1 day -1 ). Pharmacokinetic samples were obtained between 0.5 and 4, and 4 and 12 h after administration of the first dose.
Analytical method of omeprazole and its metabolites
The analytical method of omeprazole and its metabolites was adapted from Rezk et al. [15] . Briefly, plasma concentrations of omeprazole, 5-hydroxy-omeprazole and omeprazole sulfone were determined by high-performance liquid chromatography with ultraviolet detection. The calibration curve ranged from 10 to 1000 ng ml -1 for omeprazole, and 25 to 1000 ng ml -1 for 5-hydroxy-omeprazole and omeprazole sulfone. The interday and intraday coefficients of variation (CVs) of controls were 3.2% and 2.8% for omeprazole, 13.9% and 3.0% for 5-hydroxy-omeprazole, and 9.0% and 3.4% for omeprazole sulfone, respectively. The lower limits of quantification (LOQ, associated interday and intraday CVs) were 10 ng ml For CYP2C19 polymorphisms, primers and probes were obtained from Applied Biosystems (CYP2C19*2, rs4244285; CYP2C19*17, rs12248560). For ABCB1 polymorphisms (C3435T, rs28365046; G2677T/A, rs2032582; C1236T, rs1045642), the design of primers and probes and determination of technical conditions were carried out in our laboratory, as previously reported [16] .
Population pharmacokinetic-pharmacogenetic modelling of omeprazole and its metabolites Nonlinear mixed effects modelling program (NONMEM V 7.2; Icon Development Solutions, USA) was used for pharmacokinetic analysis. The estimation of pharmacokinetic parameters and their variabilities were carried out using a first-order conditional estimation method with interaction option.
An exponential model was selected to estimate interindividual variability of the pharmacokinetic parameter and could be expressed as follows:
where ηi represent the individual pharmacokinetic parameter value of the i th subject; θ mean and θ i are the typical value of the parameter in the population and the variability between subjects (assumed to follow a normal distribution), respectively. Covariate analysis used a forward and backward selection method. The stepwise covariate modelling [17] and likelihood ratio test were used to evaluate the potential impact of each variable on pharmacokinetic parameter. During the forward selection step, a covariate was included into the model if a significant (P < 0.05, χ 2 distribution with one degree of freedom) decrease (reduction >3.84) in the objective function value (OFV) from the base model was achieved. Then, all the significant covariates were added simultaneously into the full model. At the backward selection step, the contribution of each significant covariate was removed one by one from the full model and was retained in the final model if a significant increase in the OFV was obtained. Both graphical and statistical criteria were used for model validation. Goodness-of-fit plots, including observed (DV) vs. population (PRED) and individual prediction (IPRED); conditional weighted residuals (CWRES) vs. time and PRED were generalized based on model parameters for diagnostic purposes [18] . The stability and performance of the final model was also evaluated by a nonparametric bootstrap with resampling and replacement 500 times using PsN (v2.30). Then, the estimated parameters from the bootstrap procedure were compared with those estimated from the original data set. The final model was also assessed by normalized prediction distribution errors (NPDE) [19] . One thousand simulation were performed using the final model parameters.
NPDE results were shown graphically by the NPDE R package (v1.2), including QQ-plot and histogram of the NPDE. The NPDE is assumed to follow normal distribution.
The predictive performance of the final model was further evaluated in external validation with an independent group of neonates and young infants (n = 8, number of samples = 12). The individual concentration of each patient was predicted by Bayesian estimation method ('MAXEVAL = 0' in the ESTIMATION step) using NONMEM. Prediction error (PE) was calculated using the following equation:
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [20] , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 [21, 22] .
Results
Among fifty-four patients who participated to the clinical study, fifty-one with available pharmacokinetic data and DNA samples were included in the present analysis. The mean (standard deviation) gestational age at birth was 31.3 (3.9; range 24-41) weeks and the mean (standard deviation) weight was 2108 (609; range 780-3800) g. A summary of patients' characteristics is presented in Table 1 The systematic covariate analysis identified ABCB1 C3435T genotype as the most important covariate influencing Ka, leading to a significant drop in the OFV (6.98 points, P < 0.01). For CL OMZ-M1 , CYP2C19 genotype was the most important covariate, causing a significant drop in the OFV of 18.25 points (P < 0.01). A further significant decrease in the OFV (6.32 points, P < 0.05) was achieved by including postnatal age on CL OMZ-M1 . The significant impact of these identified covariates was confirmed by the backward exclusion process.
Model diagnostics showed acceptable goodness-of-fit for the final model of omeprazole and metabolites. As shown in Figure 2A , predictions are unbiased. In the diagnostic plot of CWRES vs. time, no trend was demonstrated ( Figure 2B) . Moreover, the mean pharmacokinetic parameters obtained from the bootstrap were in agreement with respective values estimated from the final model, indicating that the final model was stable and the estimated parameters were accurate ( Table 2) . NPDE results are presented in Figure 2C ,D. The mean and variance of NPDE were 0.001 and 1.310 for omeprazole, 0.119 and 0.899 for 5-hydroxy-omeprazole, and 0.149 and 0.860 for omeprazole sulfone indicating a good fit of the model to the individual data. The predictive performance of the developed model was further checked in the external validation with an independent group of eight neonates and young infants. The mean gestational age and weight were 32 (range 28.0-36.0) weeks and 2178 (range 780-2750) g, respectively. A total of 12 concentrations were available and ranged from <LOQ (n = 1) to 2021 ng ml -1 for omeprazole, 41-735 ng ml -1 for 5-hydroxy-omeprazole and <LOQ (n = 1) to 665 ng ml Figure 3 shows CYP2C19 genotype-based ontogeny of CL OMZ-M1 . Model-predicted Ka is 6.93 times higher in ABCB1 homozygous mutant patients, 1.86 times higher in ABCB1 heterozygous patients than that in ABCB1 homozygous wild-type patients.
Discussion
The developmental pharmacogenetics of CYP2C19 was studied for the first time in neonates and young infants using omeprazole as a probe drug to quantify the impact of age and pharmacogenetics on the disposition of omeprazole and its metabolites. Our results showed that a onecompartment parent and metabolites model with first-order absorption and elimination was optimal for omeprazole population pharmacokinetic modelling.
The estimated value of clearance of omeprazole in unchanged form was nearly 0, indicating that, like in adults and children, omeprazole is extensively metabolized by the liver in neonates. The median (range) of weight-normalized clearances of omeprazole converted to 5-hydroxyomeprazole and omeprazole sulfone are 0.287 (0.036-1.711) and 0.142 (0.065-0.316) l h -1 kg -1 , respectively. The median (range) of apparent weight-normalized volume distribution of omeprazole is 0.24 (0.09-0.77) l kg -1 , similar to that reported in adults [24] . Our results demonstrate that CL OMZ-M1 increases with postnatal age. In CYP2C19 poor and intermediate metabolizers, model-predicted CL OMZ-M1 are 12.5% and 44.9% of the value in extensive/ultrarapid metabolizers, respectively. This observation is well correlated with in vitro and in vivo findings. As early as 8 weeks of gestation, CYP2C19 protein and catalytic activities could achieve 12-15% of mature values and did not change throughout the prenatal period until birth. Its expression increased over the first 5 postnatal months [6] , suggesting that postnatal age is a determinant of CYP2C19 ontogeny. In addition, large variability in CYP2C19 expression was observed during the ontogeny process, as illustrated by approximately 21-fold variability between 5 months and 10 years of age [6] . Using developmental pharmacokinetic modelling approach, the complex effects of CYP2C19 pharmacogenetics and ontogeny were incorporated in omeprazole metabolism. This semiphysiological model was more powerful to evaluate the impact of developmental pharmacogenetics of CYP2C19 on omeprazole pharmacokinetics, as the metabolite pathways were quantitatively described in this model. The contribution of developmental pharmacogenetics of CYP2C19 might have potential clinical implication. Reduced drug clearance leads to increased drug exposure, which might increase the risk of adverse events. The clinical utility of pharmacogenetic-based dosing regimen of omeprazole in neonates needs to be evaluated in future study. A genetic based ontogeny process is demonstrated in Figure 3 . In vivo, the combined impact of CYP2C19 pharmacogenetic polymorphism and ontogeny on pantoprazole pharmacokinetics was also demonstrated in neonates. Ward et al. reported that pantoprazole apparent clearance was increased with postnatal age in neonates and infants aged 1-19 weeks and the two CYP2C19 PM patients had a substantially higher AUC than EM [25] .
As CYP3A4 and P-gp are also involved in the metabolism and absorption of omeprazole [26] , their impacts were also evaluated in the present study. ABCB1 is expressed at the apical surface of mature enterocytes in the small intestine to prevent the absorption of omeprazole from the intestinal lumen by active extrusion [26] . In the duodenum, mRNA and P-gp Figure 1 Pharmacokinetic model of omeprazole and its metabolites, where Ka is the absorption rate constant, CL OMZ-M1 is the clearance of omeprazole converted to 5-hydroxy-omeprazole; CL OMZ-M2 is the clearance of omeprazole converted to omeprazole sulfone; CL OMZ is the clearance of omeprazole; CL M1 is the clearance of 5-hydroxy-omeprazole; CL M2 is the clearance of omeprazole sulfone Developmental pharmacogenetics of CYP2C19 protein were present in the enterocytes from age 1 month with a high interindividual variability and no influence of age was observed [27] . To our knowledge, the impact of age on ABCB1 expression in intestinal tissue remains unknown in the neonatal period. There are limited data in other tissues and cell types, however, the results are contradictory. Pilarski et al. evaluated ABCB1 activity in T lymphocytes and found that its activity was lower in young children (<10 years) than in older patients with levels increasing in adults up to the age of 55 years [28] . In contrast, Machado et al. demonstrated that the highest level of ABCB1 activity was achieved in cord blood. Its activity decreased rapidly after birth and remained in a slower way throughout life [29] . This finding was partly supported by Giraud et al., who reported that ABCB1 activity in T and natural killer cell types achieved the peak value at birth, and decreased until 6 months after birth and stabilized [30] . In vivo, Fanta et al. found that ABCB1 genotype had significant impacts on oral bioavailability of cyclosporine in paediatric renal transplant recipients older than 8 years, thereby, affected cyclosporine oral dose requirement, however, this association was not significant in young children [31] . Our data illustrate that ABCB1 genotype has significant impact on the absorption rate constant of omeprazole, but not on the amount of absorption. Ka is significantly higher in ABCB1 homozygous mutant and heterozygous patients than that in ABCB1 homozygous wild-type patients.
CYP3A is abundant in the liver and gut and contributes to the first-pass metabolism of many orally administrated drugs. In vitro, CYP3A mRNA expression decreases and protein level increases with age, reflecting a post-transcriptional regulatory mechanism [32] . In vivo, midazolam oral bioavailability is significantly higher in preterm infants than in adults, suggesting developmentally low intestinal and hepatic CYP3A activities [33] . Our results did not show significant impact of age on clearance of omeprazole converted to omeprazole sulfone, indicating that the activity of CYP3A4 did not change dramatically during the neonatal period. A pooled Developmental pharmacogenetics of CYP2C19
analysis with children and adults would be required to illustrate the developmental pattern of CYP3A4 across a wide age range. Our study had some limitations. As the main objective of our study is to describe the developmental pattern of CYP2C19, the clinical outcomes were not assessed. Developmental pharmacokinetics and pharmacodynamics need to be evaluated in a following study. The number of CYP2C19 poor metabolizer patients was very limited in Caucasian population. This might influence the accurate quantification of developmental pattern for this special subgroup of patients. The ontogeny of CYP2C19 in other ethnic background children is urgently required. In addition, due to the limited number of patients, there was not sufficient variability to conclude the impact of developmental pharmacogenetics of CYP3A4 on omeprazole pharmacokinetics. Moreover, the unexplained variability is still large in our study, indicating the significant contribution of other covariate on omeprazole pharmacokinetics, such as albumin, renal function etc. These missing covariates should be further evaluated.
In conclusion, the developmental pharmacogenetics of CYP2C19 are quantitatively described in neonates and young infants using omeprazole as a probe drug. A population pharmacokinetic and pharmacogenetic model was developed and validated for omeprazole and its metabolites in neonates and young infants. CYP2C19 was predominantly involved in the metabolism of omeprazole despite the relatively low activity as compared to adults. The developmental clearance of omeprazole converted to 5-hydroxy-omeprazole was dependent on individual CYP2C19 genotype. ABCB1 polymorphism had a significant impact on the absorption rate constant of omeprazole. Our findings emphasize the importance of considering multiple routes of drug biotransformation and their relative quantitative importance when evaluating developmental pharmacogenetics of drugs. 
